The Measurement of Dispersive Effects Using the
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The techniques used to measure dispersive effects from radio metric observables
taken at S- and X-band frequencies during the Mariner Venus/Mercury 1973 mis-
sion are described. A derivation of the phase and group delay effects is presented
based on basic electromagnetic propagation principles and the communication link
configuration between the spacecraft and DSS 14.

l. Introduction

The experimental use of an S- and X-band communica-
tions link between the Mariner 10 spacecraft and the
ground receiver at DSS 14 permitted the measurement of
dispersive effects due to charged particles in the trans-
mission media. The dual-frequency capability was made
possible by the installation of an experimental receiver
developed by G. Levy, et al,, at DSS 14 and by the inclu-
sion of an X-band transponder on the spacecraft to com-
plement the operational S-band equipment. Figure 1
illustrates the basic communications interface between
the spacecraft and the station: a 2100-MHz uplink re-
ceived at the spacecraft is retransmitted at S-band fre-
quencies after multiplication by a factor of 240/221; the
same signal is retransmitted from the spacecraft at X-band
frequencies after multiplication by a factor of 880/221
(or a factor of 11/3 of the S-band retransmission fre-
quency). Dual-frequency techniques for measuring the
electron content along the station-spacecraft line of sight
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were used during the Pioneer 6 and 7 missions and re-
ported by Koehler of the Stanford Electronics Laboratory
(Ref. 1). The major difference between the Stanford ex-
periment and the one performed with Mariner 10 is that,
in the former, a dual-frequency uplink was used with the
results telemetered back to the tracking station, while, in
the latter, a dual-frequency downlink was used, provid-
ing the capability of detecting both phase velocity and
group velocity changes on the doppler and ranging chan-
nels, respectively.

The basic principle used in the dual-frequency tech-
nique is that electromagnetic propagation in a dispersive
medium, by definition, is frequency dependent. In the
transmission of a signal at S- and X-bands, however, the
frequency separation is such that, upon differencing, the
tropospheric dispersive effects remain negligible' while

1The maximum dispersive effects due to troposphere correspond to
a phase path change of about 1 cm at the observers’ zenith.
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the charged-particle effects remain distinguishable and
may be computed. The dispersive effects of charged par-
ticles on the downlink phase and group velocities can be
determined from the basic characteristics of electromag-
netic propagation in a dispersive medium (Ref. 2). The
change in phase path length induced by charged particles
is given by

b
Al= ——
we [,

‘N (meters)

=~ h I (1)

where

N = local electron content density

I = integrated content along the ray path, ie., / Ndi

. )
f = frequency of the transmitted signal

w = radian frequency, 2xf

b =e*/2e;M

O = b/4=* 22 40.3 in mks units
= charge on an electron

m = mass of an electron

€, = electric permittivity of free space

The group path delay is merely —Af, due to the fact that
the phase and group effects are equal and opposite. The
phase path delay can usually be used only to obtain the
charged-particle content relative to the first point of com-
parison, while group delay provides an absolute measure
of the electron content because a point of reference can be
found at that first point. By differencing the S- and X-band
doppler and range observables from DSS 14, a measure
of the dispersive phase and group effects was obtained.
The use of these dispersive effects to calibrate the radio
metric observables is reported by Winn and Yip in Ref. 3
and in the following article of this volume.? Additionally,
a measure of the charged-particle content along the ray
path was extracted using the relationship stated in Eq. (1)
and the information provided to the Mariner Venus/
Mercury 1973 Radio Science Team for their examination.
A derivation and description of the algorithms used to
process the doppler and range observables for the dis-
persive effects follows.

2F, B.. Winn and K. B. Yip, “DSN-MVM™78 S/X Dual-Frequency
Doppler Demonstration.”
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Il. Dispersive Phase Effects

Referring to Fig. 1, the relationship required to measure
the dispersive effects in phase velocity may be derived
from the received doppler frequencies as follows:

For S-band, let
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and, for X-band,
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where

S; = S-band frequencies at points ¢ in link
shown in Fig. 1

X; = X-band frequencies also at points indi-
cated in Fig. 1

AS,p = frequency change due to charged par-
ticles on uplink

AS,5, AX,r = frequency change due to charged par-
ticles on downlink
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fos = station oscillator reference frequency,
~44 MHz for block IV receiver

f» = bias frequency, 5 MHz for block IV re-
ceiver
p: = spacecraft topocentric velocity on uplink
. = spacecraft topocentric velocity on down-
link
¢ = velocity of electromagnetic propagation
in vacuum

K, = uplink multiplier: 48 when f,, =x 44 MHz;
96 when f,, >~ 22 MHz

Then, by subtracting f, from (2) and (38), factoring 11/3
from (3), and subtracting the results, we find that only
the downlink dispersive effects remain, since

(Xa - fb) = . . X4 _ . AX'ZE
I 11 (Sw - fb) - S-L ﬁ - Aszh‘ 11
3 3 3

However, it is well known that, due to charged particles,
Af o 1/f (Ref. 2) so that

AXQ[,;IAS;;),} = SX

and, since X/S = 11/3, then

AS.p
AXaw =y
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Letting Ky = 11/8, this means that

or, equivalently, that

A = [K\K\ 1i| [XK: bos fb)] @

Thus relating the downlink dispersive effects in frequency
to a difference of the two received doppler frequencies.
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l1l. Dispersive Group Effects

The dispersive effects in group velocity may be derived
in a simpler manner by noting that the S-band uplink
effects are common to both S- and X-band range measure-
ments, and, since the spacecraft multiplication factor
applies only to the carrier and not to the range modula-
tion, any difference between the range measurements at
the two frequencies is due entirely to dispersive effects
on the downlink, i.e.,

ARSX (t) - RS (t) - RX (t) = ARES - ARE‘\/
where

R;(t) = S-band range measurement
R (t) = X-band range measurement
ARps = group delay due to charged particles at S-band
ARgx = group delay due to charged particles at X-band

Since dispersive path delay is inversely proportional to
the square of the received frequency (Ref. 2), then

ARgs
ARpy = —5—
EX Kz\
and, therefore,

ARSX - ARL3<1 -

1\ Ki—1
%)~ (V)

Solving for AR.g we then obtain

SRu=| oy | (R = R (o) ®

thus relating the dispersive group effects to a difference
of two simultaneous range measurements taken at two
distinct frequencies.

IV. Application

The doppler and range observables obtained from
DSS 14 are not in the form such that Eqs. (4) and (5) may
be applied directly. Doppler is reported as a cumulative
cycle count obtained by measuring the received fre-
quency at predetermined intervals. The contents of the
counter are reported at specific sample time 7.. The cumu-
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lative S- and X-band doppler counts may be represented
as (see Fig. 1)

DS (ti) - Z:TCSS (ti>

n

Dy (ti) = Z 7 X5 (t%)

i=1

and the dispersive phase delay equation equivalent to
(4) as

Aps () = [ @ Iﬁf] [ KK~ 1]

% |:[D4\'(t> = Dx(t) — fo* (t — t)]

Ky
~ [Dy(t) = Dy(ts) — folt — tm] (6)
where

Apy = dispersive effect expressed in terms of
meters of phase delay relative to ¢,

K, = ground transmitter multiplier

K, = S-band spacecraft transponder multi-
plier 240/221

K. = additional spacecraft multiplier re-
quired to obtain the downlink X-band
frequency, 11/3

Dy (t), Dy (t) = S- and X-band doppler counts accumu-
lated up to time ¢

Dj (ts), Dy (t,) = initial counter readings at time ¢,

Similarly, the range equation (5) must be modified in
consideration of the fact that the range reported by the
sequential ranging machine contains phase velocity effects
as well as the theoretically expected group velocity effects®
(Ref. 4). After adding the appropriate conversion factors

3The range measurements produced by the sequential ranging ma-

chine are influenced by both phase and group charged-particle
effects in an additive manner. The transmitted range modulation
is affected in group velocity, while the receiver’s synthesized sig-
nal is affected by the phase velocity errors inherent in the doppler
used for the rate-aided control loop. Differenced range measure-
ments must therefore be divided by 2 to obtain actual dispersive
cffects.
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to obtain units of meters, the corresponding equation for
range is

Apx (t) = [64-121';‘,,8][1(};% 1}[3““) . Rx(t)]

(7)

where Ry (t) and Ry (t) are the range values, in range
units, obtained from the R&D ranging machine, which
was used in conjunction with the Block IV receiver.

Range values from this machine are defined as follows
(Ref. 5):

B 198-2 | By
R‘[T M=t =16k 7,

- BS/(,’ - Zjl 64 - K1 M f,,s

where

T = round-trip light time

M = modulo number

N = number of components
By = ground equipment bias
B¢ = spacecraft bias

Z = zero delay device factor

(The distinction between S and X values corresponds to
the carrier frequency which is modulated by the ranging
signal.)

Due to anomalous conditions in the experimental re-
ceiver hardware, which were corrected as the mission
progressed, discontinuities in the doppler data occurred
which caused values produced using Eq. (6) to be grossly
in error. These problems were ameliorated, however, by
merely redefining the interval (¢ — ¢,) to be (¢ — i)t
In this manner each point computed could be evaluated
to determine its validity; invalid points were replaced
using an estimate of the information lost. A cumulative
effect was then produced by summing the incremental
points computed over the tracking pass, viz.,

NHOED WIS

iz
4Based on a suggestion by John Ondrasik, Section 391.
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where A/;\)E (t;) is the incremental phase delay defined over
the interval ¢, — ¢;.;, and n is the number of points in the
pass.

V. Verification

The experience reported by Winn and Yip (Ref. 3 and
Footnote 2) provides adequate verification of these tech-
niques. Figure 2 illustrates, however, the generally good
comparison between electron content obtained from the
dual-frequency doppler technique and the Faraday rota-
tion techniqué described by Mulhall, et al., in Ref. 6
Naturally, the case shown represents the data obtained

on a day when interplanetary plasma effects were negli-
gible.’® By verifying the accuracy of the technique on
cases of this sort, differences between the two data types
on other occasions can be attributed to either interplane-
tary effects or Faraday mapping errors with a high degree
of confidence. The exceptional cases occur when, because
of hardware problems, the data become inconclusive.

5Faraday rotation measurements, taken using the signal from a
linearly polarized antenna on an Earth satellite, only provide in-
formation regarding the Earth’s ionosphere. The dual-frequency
techniques described here provide a measure of the change in total
columnar content on the downlink path between the spacecraft and
station.

References

1. Koehler, R. L., Interplanetary Electron Content Measured Between Earth and
the Pioneer VI and VII Spacecraft Using Radio Propagation Effects, Report
67-051, Stanford Electronics Laboratories, Stanford University, May 1967.

2. Laurence, R. S., Little, C. G., and Chivers, H. J. A., “A Survey of Ionospheric
Effects Upon Earth-Space Radio Propagation,” Proc. IEEE, Jan. 1964.

3. Winn, F. B, and Yip, K. W., S/X Dispersive Doppler Demonstration, Report 1,
IOM 391.3-772, Feb. 1, 1974 (JPL internal document).

4. MacDoran, P. F., and Martin, W. L., “DRVID Charged-Particle Measurement
With a Binary-Coded Sequential Acquisition Ranging System,” in The Deep
Space Network, Space Programs Summary 37-62, Vol. 11, pp. 34-41, Jet Propul-
sion Laboratory, Pasadena, Calif., Mar. 31, 1970.

5. Chaney, W. D., Ranging Equations for MVM-73, IOM 401-3223, June 23, 1972

(JPL internal document).

6. Mulhall, B. D., Ondrasik, V. J., and Thuleen, K. L., “The Ionosphere,” in
Tracking System Analytic Calibration Activities for the Mariner Mars 1969
Mission, Technical Report 32-1499, pp. 45-68, Jet Propulsion Laboratory,

Pasadena, Calif., Nov. 15, 1970,

26

JPL DEEP SPACE NETWORK PROGRESS REPORT 42-22



Aanoe
ewsejd a|qi8i3au juaiedde ypm Lep uo ejep paALIOP-UONRIOL
Aepeiey pue s309y)0 anjssadsip payndwod jo uosuedwo) °Z 814

4 'IWo
¥Z 44 [o74 8l 91 4l 4]
T T T T T l

—9
INZLNOD QIAIEIG-ADNINDIYL-TYNG ——
INIINOD GINIYIG-AVAVYVY @
(v£61 ‘81 HDYYW) ££ AVa
1 1

Zw/5“°-‘43913 2101 'INIINOD NO¥LIFNT JALYIT QILVIOILNI QILDINIOD

1 L 1

uonesn3diyuod Jajddop Kouanbay-jenp 1 SSA—0T 42ulie Jo wedSelp jenydasuo) T "84

NOI1V1S

a2

14W¥D30VdS

YIATOSHY
+33INNOD
¥31ddOd

14 Ol

NI NOLLYDINNWWOD

&

VIva Q334S-HOIH

N

L

Y3ILNdWOD

AIATOSTY
+ ¥3INNOD
¥37dd0a

P

12¢
088

LEICE L]
AaNva-X

AQ*

YIANOISNWIL
ANVYE~-X

Q

[
x

YILLIWSN WYL
NOI1viS

JINION
2/

122

WAITDIY
aNVE-S

YIANOISNWIL
ANVE-S

o¥e

27

JPL DEEP SPACE NETWORK PROGRESS REPORT 42.22



